A line-depth ratio (LDR) of two spectral lines with different excitation potentials is expected to be correlated with the effective temperature (T eff ). It is possible to determine T eff of a star with a precision of tens of Kelvin if dozens or hundreds of tight LDR-T eff relations can be used. Most of the previous studies on the LDR method were limited to optical wavelengths, but Taniguchi and collaborators reported 81 LDR relations in the Y J-band, 0.97-1.32 µm, in 2018. However, with their sample of only 10 giants, it was impossible to account for the effects of surface gravity and metallicity on the LDRs well. Here we investigate the gravity effect based on Y J-band spectra of 63 stars including dwarfs, giants, and supergiants observed with the WINERED spectrograph. We found that some LDR-T eff relations show clear offsets between the sequence of dwarfs and those of giants/supergiants. The difference between the ionization potentials of the elements considered in each line pair and the corresponding difference in the depths can, at least partly, explain the dependency of the LDR on the surface gravity. In order to expand the stellar parameter ranges that the LDR method can cover with high precision, we obtained new sets of LDR-T eff relations for solar-metal G0-K4 dwarfs and F7-K5 supergiants, respectively. The typical precision that can be achieved with our relations is 10-30 K for both dwarfs and supergiants.
INTRODUCTION
Determining stellar parameters, especially the effective temperature (T eff ), is a fundamental part of the analysis of stellar spectra. There are several methods of determining T eff . For example, often used in recent large projects is searching for the synthetic spectrum with the optimised stellar parameters, including T eff , that matches an observed spec-E-mail: mingjie@astron.s.u-tokyo.ac.jp trum best (e.g., with the ASPCAP, the pipeline used by the Apache Point Observatory Galactic Evolution Experiment, or APOGEE, survey; García Pérez et al. 2016; Majewski et al. 2017 ). Fitting synthetic spectra to observed ones is usually performed with one or more wide spectral ranges that include features sensitive to different stellar parameters such as abundances of various elements. Therefore, many parameters need to be determined simultaneously, which increases the computational load and the chance and degree of degeneracy between various parameters. Another approach is to use empirical relations between T eff and observational indices such as photometric colours (e.g., Huang et al. 2015) and the Hα index (e.g., Joner & Hintz 2015) . Measuring such indices is usually simple and does not require a large amount of computational resource.
Here we focus on line-depth ratios (LDRs) and LDR-T eff relations. Spectral lines with different excitation potentials (EPs) have different sensitivity to T eff , which provides the possibility to use them for determining T eff . Having a large number of well-calibrated LDR-T eff relations allows us to achieve high precision of the final T eff . One of the advantages of the LDR method is that the relations are empirically calibrated and are not directly affected by uncertainties in stellar models and those in the list of absorption lines. It is still possible that the calibration data include systematic errors, but the relations can be easily improved once better (more precise and robust) effective temperatures of the calibrating stars become available. Following the pioneering studies of Gray (1989) and Gray & Johanson (1991) , more than a hundred LDR relations were obtained for stars of different luminosity classes separately: dwarfs (Kovtyukh et al. 2003 (Kovtyukh et al. , 2004 , giants (Strassmeier & Schordan 2000; Gray & Brown 2001; Kovtyukh et al. 2006a,b) , and supergiants (Kovtyukh et al. 1998; Kovtyukh & Gorlova 2000; Kovtyukh 2007 ). The uncertainties of the final T eff in the previous studies range from 5 to 30 K at best cases.
Most previous works on the LDR method, like those mentioned above, have been done with optical spectra mostly shorter than 0.8 µm. Sasselov & Lester (1990) extended the application to the infrared range by investigating a few lines of C i and Si i in the Y band (around 1.1 µm). Recently, about a dozen of line pairs in the H-band (1.51-1.70 µm) and 81 line pairs in the Y J-band (0.97-1.32 µm) were found to give tight LDR-T eff relations as reported by Fukue et al. (2015) , Jian et al. (2019) , and Taniguchi et al. (2018, hereafter T18) .
The metallicity and surface gravity of a star can also affect the line depths and LDRs, and thus the effects of these parameters need to be understood and taken into account. The metallicity effect on LDR relations was first detected by Taylor (1994) , and Gray (1994) suggested that it is caused by the saturation of absorption lines. Using only weak lines to avoid the saturation is expected to be useful in reducing the metallicity effect (Gray 1994; Kovtyukh & Gorlova 2000) . Recently, Jian et al. (2019) clearly detected the metallicity effect on the H-band LDRs using the spectra of red giants observed in APOGEE. They found that the high-EP line, at least, of every line pair investigated is saturated in a wide metallicity range ([Fe/H] > −1 dex); therefore, the metallicity effect cannot be eliminated by the approach mentioned above at least for their relations. Jian et al. (2019) thus introduced metallicity-and abundance ratio-dependent terms to their LDR relations. On the other hand, the gravity effect was discussed, e.g., in Catalano et al. (2002) and Biazzo et al. (2007) . They obtained linear relations between the residuals with respect to fiducial LDR-T eff relations and the gravity indices (log g and absolute magnitude offset from the zero-age main sequence). Then, their relations give gravitycorrected LDRs that can be used to estimate T eff of stars in a broad range of log g.
In this paper, we first compare the LDR relations of dwarfs, giants, and supergiants for the line pairs found by T18 to investigate the gravity effect. The Y J-band spectra of 63 stars were obtained with WINERED (Warm INfrared Echelle spectrograph to Realize Extreme Dispersion and sensitivity; Ikeda et al. 2016) , the same instrument used in T18. We then present two sets of new LDR-T eff relations in the Y J-band, one for dwarfs and the other for supergiants. Our sample consists of stars with metallicity within 0.2 dex around the solar, and thus the metallicity effect is expected to be small if any. The python package we used for measuring line depths and LDRs and for deriving T eff is provided as Supporting Information and also on the web 1 .
DATA AND ANALYSIS

Targets and observations
We use the Y J-band spectra of 20 dwarfs, 25 giants, and 18 supergiants taken with WINERED. They were observed with the WIDE-mode giving the resolution of around 28,000. The spectra between 0.91 and 1.35 µm are covered with 20 echelle orders (from 42nd to 61st). The observations were carried out with the 1.3 m Araki Telescope at Koyama Observatory, Kyoto Sangyo University in Japan from July 2015 to May 2016. A part of the spectra of giants and supergiants were used in Matsunaga et al. (2019) to identify absorption lines of neutron-capture elements. References: 1. Park et al. (2013) ; 2. Liu et al. (2014) ; 3. Prugniel et al. (2011); 4. da Silva et al. (2015) . Table 3 . Stellar parameters of the supergiants together with the mean S/N of the objects (Obj) and the telluric standards (Tel) described in Section 2.2 and the observation dates. We adopted T eff from Kovtyukh (2007) and other parameters as indicated in the The target stars were selected from the catalogues of Kovtyukh et al. (2003 Kovtyukh et al. ( , 2004 Kovtyukh et al. ( , 2006b and Kovtyukh (2007) . Kovtyukh and collaborators determined T eff of a large number of stars based on ∼ 100 optical LDR-T eff relations for dwarfs, giants, and supergiants with the precision around 10 K. The catalogues of Kovtyukh et al. (2003 Kovtyukh et al. ( , 2006b ) and Kovtyukh (2007) do not provide [Fe/H] and log g, and we adopted the metallicities and log g of the objects from other studies as listed in Table 1 -3. Fig. 1 plots the stellar parameters of our sample. The dwarfs occupy a narrow gravity range on the Kiel diagram at around log g ≈ 4.2 dex, and their T eff range from 4000 to 6000 K. The giants are distributed along the red giant branch with a clump at around T eff = 5000 K. Some of the stars at the clump may actually be red clump stars at the central helium burning phase, but they are all treated as the same group of giants in the following analysis. The supergiants are spread between 4000 and 6100 K in T eff and between 0.5 and 2.0 dex in log g. To minimize the metallicity effect, we limited the metallicity of our sample to around the solar (−0.2 < [Fe/H] < 0.2) as illustrated in Fig. 1(b) .
Spectral reduction
The raw spectral data of the observed stars were first reduced by the pipeline developed by the WINERED team (Hamano et al. in preparation) . Every star was observed with more than one exposures, and the multiple spectra of each order were combined by the pipeline with their relative wavelength offsets 2 , if any, corrected. The pipeline outputs the normalised spectra along with supplementary information such as the signal-to-noise ratio (S/N) estimates. The mean S/N of the orders 43rd-48th and 52nd-57th for each star and the counterpart for the telluric standard star are listed in Table 1 -3. The telluric correction was then performed using the spectra of telluric standard stars with their intrinsic spectral lines removed according to the method of Sameshima et al. (2018) . The orders 42nd, 49th-51st, and 58th-61st are seriously affected by the telluric absorption. They were not used by T18 for establishing the LDR relations, and thus we also excluded these orders. In contrast, the telluric absorption in the orders of 53rd and 54th is weak and no telluric correction was applied to them. Since the continuum level of a telluric-corrected spectrum is often biased from the unity, the continuum normalisation using the IRAF continuum task was applied to each order of the spectra after the telluric correction. Finally, we corrected wavelength shifts of all the individual orders of the telluric corrected spectra separately to place stellar lines at the rest wavelengths in the standard air. Examples of dwarf and supergiant spectra from the order 52nd, before and after telluric correction, are presented in Fig. 2 . Throughout this paper, we use air wavelengths rather than vacuum wavelengths.
Line depth measurements
The line depths were measured as follows (see Jian et al. 2019 for more details). For each line, 4 or 5 pixels around the centre were fitted by a parabola, and we took the distance between the minimum of the parabola and the continuum (1 in the normalised flux scale) as the depth. We excluded the line depths if the fitting was bad or if the position of the minimum was offset from the line centre by more than 0.2Å. We note that the measurements tend to fail when the lines get too shallow, often, in stars with higher temperature. The error of a line depth was derived considering the S/N of each order (not the mean S/N given in Table 1 -3). For the orders of 53rd and 54th, the S/N of the object spectrum give the error, e total = e Obj = (S/N Obj ) −1 . In case of the other orders for which the telluric correction was made, the error caused by the telluric spectrum, e Tel = (S/N Tel ) −1 is added in the quadrature to give e total = (e 2 Obj + e 2 Tel ) 1/2 . The relative errors (error divided by depth) were around 10 per cent or less for most of the depths measured. We then calculated the LDR and its error for each line pair.
GRAVITY EFFECT ON LDR RELATIONS
In this section, we compare the depths and LDRs of dwarfs, giants, and supergiants to study the gravity effect on the T18 LDR-T eff relations. The line pair IDs used in this section are adopted from the tables 4 and 5 in T18 and prefixed by 'T'. The trends of the LDRs for giants seen in our dataset are consistent with the LDR-T eff relations in T18. However, we found that the distributions on the LDR-T eff diagram show systematic offsets between the three groups of luminosity class for some line pairs while the offsets are not significant for others.
In the following discussion, we first limit ourselves to the LDRs whose lines are not significantly blended with other lines and discuss the gravity effect on such LDRs. Whilst the LDRs affected by some line blends still show tight relations with T eff , it is important to understand how the gravity affects the lines of LDR pairs themselves. In order to evaluate the degrees of line blends of the T18 line pairs, we considered a set of synthetic spectra with (T eff , log g) = (4500, 1.0), (4500, 2.5), (5000, 1.5), (5000, 2.5), and (5000, 4.0). The spectral synthesis was performed using MOOG (a code that performs LTE line analysis and spectrum synthesis, Sneden et al. 2012) with the Vienna Atomic Line Database (VALD3 line list; Ryabchikova et al. 2015) and the ATLAS9 stellar models from Mészáros et al. (2012) . We considered the ratio d − syn /d syn where d syn and d − syn indicate the depths in the synthetic spectra with the target line included and excluded. The ratio becomes 0 if the target line explains the total absorption completely (i.e., free of blends). We selected the line pairs, as those unblended, whose d − syn /d syn does not reach 0.3 at any of the above (T eff , log g).
We present the measurements of the gravity effect on such 60 unblended LDRs and discuss its cause in Section 3.1. In contrast, we found that the following 21 pairs include line(s) with significant blends: (T2), (T3), (T4), (T6), (T7), (T8), (T14), (T17), (T18), (T25), (T35), (T45), (T46), (T49), (T50), (T52), (T55), (T56), (T59), (T65), and (T78). We briefly discuss how the gravity can affect the blended LDRs in Section 3.2.
The gravity effect seen in unblended LDRs
Many of the 60 line pairs without the significant blends show the offsets of LDR-T eff relations between the three groups of luminosity class. We estimated the offsets between the LDR-T eff relations of dwarfs, giants, and supergiants for each unblended line pair presented in T18 as follows. Linear LDR-T eff relations were fitted separately for dwarfs, giants, and supergiants. Then, we calculated offsets of these relations, ∆ log LDR, at T eff = 5000 K (for the dwarf-giant and dwarf-supergiant pairs) or 4500 K (for the giant-supergiant pairs). The ∆ log LDR values are listed in Table 4 and plotted against the differences in the ionization potentials of the elements involved, ∆ χ ≡ χ(X low ) − χ(X high ), in Fig. 3 , in which the line pairs with the ∆ log LDR error larger than 0.2 are not included. The ∆ log LDR values of the dwarf-supergiant and dwarf/giant pairs are correlated with ∆ χ, but those of the giant-supergiant pairs are concentrated around zero.
In order to understand how the offsets appear (or not), we use synthetic spectra to compare the trends of predicted LDRs with those measured. Fig. 4 illustrates such comparisons between the measured and predicted depths/LDRs for the two line pairs, (T21) Ca i 10343.82/Si i 10371.26 and (T22) Fe i 10423.03/Fe i 10347.97, as examples. In case of the pair (T21) which consists of Ca i and Si i lines, the LDR-T eff relations of giants and supergiants are close to each other, but that of dwarfs shows a clear offset. The depth of the Si i line is sensitive to log g, while that of the Ca i line shows almost no sensitivity. This difference in the sensitivity to the gravity leads to the offset of the LDRs. These trends are consistent with the theoretical curves predicted with MOOG. We note that there are systematic offsets between the theoretical curves and the observational points, probably due to the errors in oscillator strengths, but the trends in Fig. 4 are consistent. In contrast, the two lines of the pair (T22) Fe i 10423.03/Fe i 10347.97 are both Fe i and the sensitiv-ity of their depths to log g is predicted to be similar. The ∆ log LDR is negligible except at the lowest temperatures, T eff < 4000 K, and no gravity effect on the LDR was confirmed in our measurements.
To explain the gravity effect on the LDRs, in particular the trends seen in Fig. 3 , we consider how the line depths vary with log g based on a simple theoretical discussion. Gray (2005) explains the effect of log g on the line depths as follows. The depth of a weak line is given as
where F c and F ν are the flux at the continuum level and the flux at the centre of the line, l ν is the line absorption coefficient, and κ ν is the continuum absorption coefficient. The absorption coefficients and log g are connected through the relation between P e and log g, log P e ≈ n log g, where the coefficient n is larger than 0 but varies with temperature. The dependencies of l ν and κ ν on the electron pressure, P e , vary with the temperature at the line formation region. We note that all the lines adopted in T18 are neutral lines. In the low temperature range where most of the atoms are in the neutral state (case L1), l ν for the neutral line is insensitive to P e . In contrast, l ν ∝ P e in the high-temperature range where most of the atoms are in the single ionization state (case L2). For example, where Fe i lines are concerned, neutral Fe atoms are dominant in the line formation region in the L1 case, but Fe + ions are dominant in the L2 case. On the other hand, κ ν is proportional to P e where negative Hydrogen (H − ) dominates the continuum absorption in the low-temperature range (case C1), whereas κ ν is insensitive to P e where neutral Hydrogen (H) dominates in the hightemperature range (case C2).
Combining the different cases of the line and continuum absorption coefficients, the following three situations may appear for our target lines at T eff around the range of 3500-8000 K:
(i) L1-C1: log l ν ≈ constant and log κ ν ≈ nlog g, leading to log d ≈ −nlog g (ii) L2-C1: log l ν ≈ nlog g and log κ ν ≈ nlog g, leading to log d ≈ constant (iii) L2-C2: log l ν ≈ nlog g and log κ ν ≈ constant, leading to log d ≈ nlog g For some of the elements we consider, most atoms are neutral in cool stars, but get ionized at high effective temperatures. No metals relevant here remain neutral-dominated at T eff > 7000 K. The main source of the continuum absorption changes from H − to H at T eff around 7000 K; therefore we do not expect the presence of the L1-C2 case. As a result, the L-C cases, i.e., the sensitivity of the line depth to log g as listed above, changes from L1-C1 to L2-C1 and further to the L2-C2 case with increasing T eff if most of the atoms are neutral in the lowest T eff . If the atoms in the atmosphere are ionized even at T eff ≈ 3500 K, the L1-C1 case does not appear. We note that the maximum T eff in our sample is 6202 K, and thus no line is expected to be in the L2-C2 case within the range of our observational data. If the low-EP line is in the L2-C1 case and the high-EP line is in the L1-C1 case, log LDR = log d low − log d high ≈ nlog g, but log LDR does not depend on log g if both the lines are in the L2-C1 case.
Let us consider the ionization degree R ion = N 1 /(N 0 + N 1 ), where N 0 and N 1 indicate the densities of the neutral and singly-ionized atoms and the higher ionization states are not taken into account. This degree is given by the Saha ionization equation,
with the temperature T, the ratios of the partition functions u 1 (T ) u 0 (T ) , the electron pressure P e , and the ionization potential χ, while π, m e , k, and h are the constants in the usual notation (see Gray 2005) . We calculated the R ion index of each line in case of the stellar atmosphere for T eff = 5000 K and log g = 4.0 dex based on the temperature and electron pressure in the line forming region given by MOOG. The R ion of the Na, Ca, Cr, Ti, and Mg lines at T eff = 5000 K and log g = 4.0 are around 0.9 (mostly ionized), while those of Al, Mn, Ni, Co, Fe, and Si are smaller than 0.8 (not fully ionized) and decrease as χ increases except for Al. These two groups of elements, the group (a) such as Ca having lower χ and the group (b) such as Fe having higher χ, can be separated by an ionization potential of 7.5 eV except for Mg and Al. The χ of Mg is 7.6 eV, but its R ion is close to 1 because its ratio of the partition functions is very large (≈ 300) at T eff = 5000 K. The χ of Al, in contrast, is 6.1 eV, whereas its R ion is around 0.3 since its ratio of partition function is small (around 0.001). For other elements, their ratios of the partition functions are close to 1.
Then, the L-C cases of the lines in the group (a) change from L1-C1 to L2-C1 as T eff increases, and the lines in the group (b) remain in the L2-C1 case in the T eff range we consider. When a line pair consists of one line from the group (a) and another one from the group (b), it tends to have a large ∆ χ and a large log g effect (i.e., a large ∆ log LDR value). On the contrary, if both lines of a line pair are included in the same group, both ∆ χ and the log g effect tend to be small. Furthermore, R ion becomes larger as log g decrease according to the Saha ionization equation since log P e ≈ nlog g. The R ion of all the elements in giants and supergiants are closer to 1 compared to those in case of dwarfs; thus the log g effect between giants and supergiants is smaller than that between dwarfs and giants or supergiants.
The gravity effects on the line depths and on the LDR are consistent with the theoretical expectation described above, e.g., for the line pairs (T21) Ca i 10343.82/Si i 10371.26 and (T22) Fe i 10423.03/Fe i 10347.97 as illustrated in Fig. 4 . The Ca i line is insensitive to log g (case L2-C1) across the T eff range in consideration. For the Si i and Fe i lines, the log d sensitivity to log g is negative between 3500 and 5500 K (case L1-C1), but almost negligible at T eff higher than 5500 K (case L2-C1). Thus the difference in the linedepth sensitivity to log g following the ionization of the elements leads to the gravity effect on the line pair ( The gravity effect is not strong enough to be significant inside each luminosity class. For example, Biazzo et al. (2007) reported the gravity effect considering the sample of dwarfs and giants with a range of luminosity (or surface gravity). Their figure 5 suggests that the effect on LDR is as small as ±0.025 for dwarfs in the range of −0.35 < log L/L ZAMS < 0.8, where L ZAMS indicates the luminosity of zero-age main sequence, and it corresponds to ±45 K or smaller considering the slopes of LDR-T eff relations, at T eff = 5000 K, according to table 3 in Biazzo et al. (2007) . The expected effect is thus significantly smaller than the scatter of the LDR-T eff relations we obtained. In addition, we calculated the ∆ log LDR values of the T18 line pairs in T eff = 4500 K for dwarfs (between log g = 4.0 and 4.5 dex) and supergiants (between log g = 1.0 and 2.0 dex) using synthetic spectra. The mean ∆ log LDR value is ±0.02, similar in both groups, leading to the gravity effect of ±40 K or smaller in T eff . It is again smaller than the scatter of the LDR-T eff relations. To minimize the gravity effect on T eff based on the LDR method and keep the form of LDR-T eff relation simple, we consider the LDR-T eff relations calibrated separately for dwarfs and supergiants in Section 4, but it is unnecessary to add gravity-dependent terms to the relations for each luminosity class.
The gravity effect seen in blended LDRs
There are 21 line pairs with at least one line blended by other line(s) significantly at T eff = 4500 and/or 5000 K. If the target line is blended by a line with no or little gravity effect, the gravity effect on the composite absorption tends to be similar or smaller compared to the effect on the target line itself. On the contrary, if the blending line is sensitive to the gravity, the total gravity effect is different from that of the target line. We created the synthetic spectra using the target line blended with atomic or molecular lines with the stellar parameters T eff = 4000 and 5000 K, and log g = 1.0, 2.0, 3.0, and 4.0 dex. The target lines are mainly blended by atomic lines at T eff = 5000 K, while the molecular CN and CH lines become strong at T eff = 4000 K. The blending lines of the line pairs (T2), (T3), (T8), (T25), (T35), (T45), (T49), (T50), and (T78) are not sensitive to the gravity, and thus the gravity effects on these line pairs are mainly from the target lines themselves. The blending lines for the other line pairs are sensitive to the gravity, and thus the sensitivity of the blending lines tend to be more important. If the blending line is atomic (whether neutral or ionic), the gravity effect can be understood by considering the three L-C cases, (i) to (iii), discussed in Section 3.1 for the blending line together with the LDR line pair. Ionic lines, incidentally, is in the L1-C1 case throughout the T eff range we consider. To characterise the behaviour of molecular lines, we explored the trends of CH, CN, and CO lines in synthetic spectra and found that they get stronger with decreasing log g at T eff < 4750 K where the contamination of molecular lines becomes significant. The trends for CN and CO lines are consistent with some previous results, e.g., Kleinmann & Hall (1986) ; Lançon et al. (2007) . This behaviour is similar to that of an atomic line in the L1-C1 case discussed above and thus lead to the gravity effect accordingly.
It is worthwhile to note that the blending has another side effect on the LDR-T eff relations: the sensitivity to spectral resolution. We tested how changing the resolution shifts, or not, the relations using synthetic spectra. line pairs with no blending are independent of the resolution as expected, since the changes in the depths of low-and high-EP lines cancel each other. However, when the blending into the LDR lines are significant (especially if larger than 30% in depth), the relations are subject to offsets caused by changing the spectral resolution. When blended, the line depth tends to be relatively larger with decreasing the resolution because the contribution of the blending line(s) gets larger. Thus, for example, the LDR with the low-EP line more blended becomes larger with decreasing resolution. Characterising the effects of the blending which depend on the separation between the target line and contaminating lines and the ratio of their strengths is not simple. It is therefore desirable to calibrate the LDR-T eff relations, again, for different spectrographs providing different spectral resolutions.
LDR-T eff RELATIONS IN Y J-BAND FOR DWARFS AND SUPERGIANTS
The surface gravity not only gives offsets to some LDRs. Useful sets of lines with significant depths also change with the surface gravity even for the same range of T eff . Therefore, we decided to search for new line pairs that are useful for dwarfs and supergiants and calibrate their LDR-T eff relations. Some lines used in T18 may be included in our new line pairs, but they do not necessary appear in the same line pairs as those in T18. A set of relatively isolated spectral lines were identified and selected as follows. We first selected the absorption features whose depths are smaller than 0.5 in all the observed spectra in each group of dwarfs and supergiants. The lines with depth larger than 0.5 may be strongly influenced by various parameters such as damping constants (Kovtyukh et al. 2006a) , and thus they were excluded. Then, to identify individual absorption lines, we used the model spec-tra synthesised with the typical parameters for each group: T eff = 5500 K, log g = 4.5 dex, and [Fe/H] = 0.0 dex for dwarfs, and T eff = 5500 K, log g = 2.0 dex, and [Fe/H] = 0.0 dex for supergiants. All the lines in the VALD3 line list around the wavelength of each selected feature were included in the synthetic spectra, and the atomic line that has the largest contribution to the feature was identified. We did not consider ion lines and atomic lines of C, N, or O as candidates for LDRs, because those lines are expected to depend very strongly on log g (see, e.g., section 2 of Kovtyukh et al. 2003 and section 3 of Kovtyukh 2007) . We also rejected lines with the ratio d − syn /d syn (defined in Section 3) larger than 0.3. Thus, 150 (for dwarfs) and 223 (for supergiants) lines were selected to be used for the line pair selection in the next step.
We followed a procedure of the line pair selection similar to the one described in section 3.3 of T18 to find a set of line pairs that gives precise temperatures through tight LDR relations. We considered the combinations of the line pairs that meet the following criteria: (1) Each line is used for up to one line pair only.
(2) The two lines of each pair are included within the same order, and the difference in EP of the two lines should be larger than 1 eV. (3) The line pair candidates are fitted by the linear relation T eff = a log LDR + b, and every selected relation must have a negative slope (a < 0), the residual smaller than 150 K, and 10 or more stars useful for the fitting. During this step, all the LDRs for which we accepted the depths of both lines (see Section 2.3) were used for the fitting. In order to take together into account the errors in both the LDRs and those in the reference T eff , we performed the Orthogonal Distance Regression (Boggs & Rogers 1989) . Then, for each set of line pairs, M k , the evaluation function defined as E(M k ; e) = E T (M k ) + eE λ (M k ) was calculated and used to evaluate the goodness of the line pair set. The evaluation function consists of two parts: E T (M k ) is the standard deviation of the difference between Table 5 . Numbers of the selected line pairs in individual order, whose wavelength ranges λ min < λ < λ max , for dwarfs, giants (adopted from T18), and supergiants. The wavelength range of each order is from WINERED website (http://merlot. kyoto-su.ac.jp/LIH/WINERED). the weighted mean T eff determined by the linear functions and the reference T eff , while E λ (M k ) is the root mean square of the wavelength separation of the paired lines (see, also, the definitions in T18). The coefficient e controls the tolerance of the wavelength separation, and different sets of line pairs may be chosen with different e values. We adopted e = 0.5 from T18 and selected the line pair set that gives the smallest E(M k ; e) value. Some of the relations after the line pair selection show deviation from the linear correlation toward the high or low temperature end, and we excluded the non-linear trends by limiting the range of log LDR. Although Jian et al. (2019) used higher-order functions, only ∼ 15 stars are available for calibrating each LDR-T eff relation in this work, and limiting the log LDR ranges allows more robust estimates of T eff of individual objects. We also note that the number of our relations is large enough to give at least 18 useful LDRs for each star even if some LDRs are outside the range to be accepted, while Jian et al. (2019) considered only 11 LDR relations from H-band spectra in total. Finally, 38 line pairs for dwarfs and 69 line pairs for supergiants were selected and fitted by the linear relation. Among the 162 lines (of 81 pairs) used in T18, 45 and 84 lines for dwarfs and supergiants, respectively, are included in the sets of line pairs we selected, but only 7 and 8 line pairs are common with those selected for giants in T18. Table 5 summarises the wavelength range of each order and the numbers of the line pairs as well as those in T18 for comparison, while Table 6 and 7 list the line pairs and their LDR-T eff relations for dwarfs and supergiants respectively. The ID of these line pairs for dwarfs and supergiants are prefixed by 'D' or 'S' respectively. The coefficients and residual around the fit are listed together with the number of the data points and the log LDR range used for obtaining each relation in these tables. The parameters of the LDR-T eff relations in Table 6 and 7 are obtained with only LDRs within the given log LDR ranges, whereas Fig. 5 plots the data points including those outside the log LDR ranges.
Order
The residual around each LDR-T eff relation ranges from 60 to 150 K, which is similar to those in T18 for both dwarfs and supergiants. The final temperature derived with our LDR relations for each star, T LDR , is the weighted mean of the temperatures, T LDRi , calculated with all the individual LDR-T eff relations for which the LDRs were measured and within the log LDR ranges given in Table 6 or 7. The weight, w i , is calculated by w i = 1/e 2
where e T LDR i is the error of T LDRi . The error of T LDR , e T LDR , is calculated through the standard error of weighted mean,
where V 1 = w i , V 2 = w 2 i , and N pair is the number of available line pairs. To compare our temperature scale with the ones in Kovtyukh et al. (2003 Kovtyukh et al. ( , 2006a and Kovtyukh (2007) , we compare T LDR with the catalogue temperatures, T KOV , in Fig. 6 . The differences, T LDR − T KOV , are entirely within ± 100 K, and there is almost no trend between the differences and stellar parameters. The e T LDR are 10-30 K for both dwarfs and supergiants as shown in Fig. 7 . Some dwarfs tend to have larger e T LDR because the numbers of line pairs are is smaller in many cases. The errors for supergiants are similar to those in T18 for giants (around 14 K on average) in the T eff range between 4000 and 5500 K, while those in the higher T eff range are slightly larger since N pair is small.
We also compare the performance of our new line pairs with that of the T18 line pairs for dwarfs and supergiants. For dwarfs, only 18 line pairs from T18 satisfy the criteria of our line pair selection, and they only cover the T eff range from 4700 to 6000 K. Although the T LDR −T KOV values found with the T18 set are similar to those plotted in Fig. 6 , the average e T LDR , 32 K, is slightly larger than that from our new set of line pairs for dwarfs. For supergiants, only 24 line pairs from T18 are useful, and the resultant T LDR − T KOV values show larger scatter and deviate from 0 towards the high temperature end. The average e T LDR , 42 K, is also larger than the average e T LDR found with our new set for supergiants. Fig. 7 compares the e T LDR values for dwarfs and supergiants derived with the T18 line pairs and those derived with our new line pairs. For both dwarfs and supergiants, the e T LDR with our line pairs are clearly smaller than those with the T18 line pairs. Finally, we estimate the effect of abundance ratio ([X low /X high ]) on the calibration of LDR-T eff relations and T LDR . Among the targets, there are 19 dwarfs and 12 supergiants having the abundance ratios measured by Luck (2014 Luck ( , 2017 . No clear trend is seen between metallicity and the abundance ratios relevant to our line pairs and we merely find that the scatter in [X low /X high ] is around ±0.05 dex for dwarfs and ±0.1 dex for supergiants in most cases, within the metallicity range we discuss, −0.2 < [Fe/H] < 0.2 dex. The larger scatter for supergiants may well be attributed to the measurement errors rather than the true scatter. The scatter for [Na/Fe] and [Mg/Fe] for supergiants are larger, ±0.15 dex, but their impacts on our analysis are expected to be relatively small because only 2 Na and 7 Mg lines are included in our line pairs for supergiants. The change of 0.05 dex in [X low /X high ] would correspond to the change of 0.05 in log LDR if the two lines are within the linear region. However, many lines used in this work are saturated at around the solar metallicity, and the changes in log LDR are Table 6 . First 10 line pairs in the line pair set of our dwarf LDR-T eff relations. Listed for each line pair are the information of lowand high-EP lines (species, air wavelength λ, and excitation potential EP taken from VALD3) as well as the coefficients (slope a and intercept b), the residual of the fitted relation (σ), the number of stars (N ), and the log LDR range used for calibrating the relation. The full list of the 38 line pairs is available as Supporting Information.
Low-excitation Line
High-excitation Line thereby smaller, around ±0.025, corresponding to roughly ±50 K in the changes, or systematic errors, of T eff . Thus, we expect that the effect of abundance ratio contributes to the residual of each relation in an amount of around 50 K if the scatter in [X low /X high ] of the calibrating sample is 0.05 dex. This effect may also bias the T LDR by at most 50 K, if all the [X low /X high ] values of a given star are higher or lower than the solar by 0.05 dex. Considering this effect, combining low-and high-EP lines of the same element certainly has an advantage, and such line pairs are also insensitive to the gravity effect according to our conclusion in Section 3. However, there are not so many such line pairs that show tight LDR-T eff relations. Including line pairs of different elements, as done by us and many studies, increases the useful line pairs leading to the higher precision for stars with a limited range of abundances. In practice, the effects of different LDRs tend to cancel each other out to some extent (see, e.g., the T LDR for Arcturus discussed in section 4 of T18).
SUMMARY
We discussed the gravity effect on the LDR-T eff relations in the infrared Y J-band using 63 stars including dwarfs, giants, and supergiants. Considering the line pairs selected in T18, some of the LDR-T eff relations of dwarfs are clearly shifted compared to the relations of giants and supergiants. The pairs with line(s) affected by line blends tend to be sensitive to the surface gravity, but the gravity effect exists even without the blends. We found that the difference between the ionization potentials of the elements involved in each line pair leads to different reactions of the line depths to log g and thus introduces the gravity effect.
To minimize the impact of the gravity effect and to increase the precision of the T eff derived with LDRs, we considered the relations calibrated separately for different luminosity classes. We constructed new sets of LDR-T eff relations for dwarfs and supergiants using the lines selected for individual groups. The residual around each relation ranges from 60 to 150 K, and the final T LDR errors are around 20 K. Combined with the relations for giants in T18, which are well consistent with our measurements, it is possible to determine T eff for solar-metallicity dwarfs, giants, and supergiants precisely using the LDR method applied to Y J-band spectra. The T eff ranges that are covered by the available LDR-T eff relations in the Y J-bands are limited: 4500-6000 K for dwarfs, 4000-5000 K for giants, and 4000-6000 K for supergiants. More efforts are needed to extend the T eff ranges to cover and also to improve the relations with a larger number of calibrating stars. search Activity . NK is supported by JSPS-DST under the Japan-India Science Cooperative Programs in 2013-2015 and 2016-2018 . We thank the referee, Dr. Ricardo P. Schiavon, for the comments which helps us improve this paper.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article: Table 1 . Stellar parameters of the dwarfs in our sample together with their observation dates. Table 2 . Stellar parameters of the giants in our sample together with their observation dates. Table 3 . Stellar parameters of the supergiants in our sample together with their observation dates .  Table 4 . The offsets, ∆ log LDR, between the LDR-T eff relations with the T18 line pairs of two luminosity classes measured at T eff = 5000 K for the dwarf/supergiant and dwarf/giant pairs or at 4500 K for the giant/supergiant pair. Table 6 . The line pairs and the LDR-T eff relations, newly selected in this work, for dwarfs. 
